We are considering the problem of controlling AC/DC switched power converters of the Boost type. The control objectives are: (i) guaranteeing a regulated voltage for the supplied load, (ii) enforcing power factor correction (PFC) with respect to the main supply network. The considered problem is dealt with using a nonlinear controller that involves two loops in cascade. The inner-loop is designed, using the backstepping technique, to cope with the PFC issue. The outer-loop is designed to regulate the converter output voltage. Experimental tests show that the proposed controller actually meets the objectives it has designed for. While different controllers can be found in the relevant literature, it is the first time that a complete rigorous analysis of the controller performances is developed. Such a theoretical contribution is a major feature of this paper.
INTRODUCTION
From a dynamic viewpoint, an AC/DC converter is a nonlinear and hybrid system. Then, undesirable current harmonics may be generated when the converter is connected to an AC source. To avoid the above drawbacks, an AC/DC converter should be controlled bearing in mind, not only output voltage regulation, but also rejection of undesirable current harmonics. The last objective is referred to 'power factor correction'. It is only recently that output regulation and PFC have been simultaneously and explicitly accounted for in the control design, (Escobar and al., 2001 -Karagiannis and al., 2003 -Abouloifa and al., 2003 -Giri and al., 2005 . In (Escobar and al., 2001-Karagiannis and these objectives have been achieved for a second-order standard boost rectifier. However, the effect of the output voltage ripples, observed in closed-loop, has not been formally analyzed. In al., 2003-Giri and al., 2005) , boost and buck-boost diode-based converters, containing input (LC or LCL) filter, have been considered. The obtained 4th order circuits have been controlled using the backstepping technique. A theoretical analysis of the output voltage ripples effect has been attempted in (Giri and al., 2005) ; however, the proposed analysis was not complete.
In the present paper, we consider the problem of controlling PWM AC/DC full-bridge converters (Fig.1) . The complexity of the problem is twofold: the PFC requirement and the output regulation should be simultaneously achieved; the converters dynamics are 4th order, nonlinear and hybrid. The last feature is usually coped with basing the control design on average models. Based on such average model, we will develop a nonlinear cascade controller including two loops. The inner-loop is designed using the backstepping technique in such a way that the input current be sinusoidal and in phase with AC-voltage. The involved control issue is formulated as a problem of regulating the ratio current/voltage (at the converter input) to a desired value β by acting on the duty ratio α (control signal). The purpose of the outer-loop is specifically to tune β so that the output voltage 4
x coincides with its desired value despite the load changes. It is formally established that the nonlinear cascade controller thus constructed actually meets its objectives. It is the first time that the controller performances are so rigorously analyzed. Such a theoretical analysis is a major feature of this paper, compared to former works (e.g. (Escobar and al., 2001 -Karagiannis and al., 2003 -Abouloifa and al., 2003 -Giri and al., 2005 ).
The paper is organized as follows: the class of converters under study is presented and modelled in Section 2, the controller design and analysis are dealt with in Section 3, the control performances are experimentally illustrated in Section 4, a conclusion and a reference list end the paper.
CONVERTER DESCRIPTION AND MODELING
The full-bridge PWM boost rectifier under study is represented by Fig.1 (Krein and al., 1990) , (Andrieu and al., 1996 , Tse and al., 2000 , Erickson and al., 1990 . Accordingly, time is shared in intervals of length T, also called cutting period. Within a given period, ( ) x . The variable α thus defined is called 'duty ratio' and serves as the control signal for the converter. Fig. 1 . PWM boost rectifier under study.
The average model thus obtained is described by the following equations, where x denotes the average value of x , over cutting periods (Abouloifa and al., 2003) :
CONTROLLER THEORETICAL DESIGN AND ANALYSIS
The controller synthesis is carried out in two major steps. First, a current inner loop is designed to cope with the PFC issue. In the second step, an outer loop is built-up to achieve voltage regulation.
Current inner loop design
The PFC objective means that the current entering the converter should be sinusoidal and in phase with the ACvoltage. We therefore seek a regulator that enforces the current 1 x to track a reference signal of the form
. At this point the quantity β is any positive real. The regulator will now be designed using the backstepping technique (Krstic and al., 1995) , based on the partial model (1-3).
Step 1: Output regulation of subsystem (1) Let us introduce the tracking error on the current:
Using (1), time-derivation of (5) yields the following error dynamics:
In (6) 
where c 1 >0 is a design parameter. Indeed, this choice would imply that:
which clearly establishes asymptotic stability of (1) with respect to the Lyapunov function:
Then, time-derivation of 1 W would imply:
which is negative definite with respect to 1
is not the actual control input, a new error variable, denoted 2 z , between the virtual control and its desired value ( 1 σ ) is introduced:
Then, equation (6) becomes, using (7) and (10):
Also, the derivative of Lyapunov function (9) becomes:
Step 2: Stabilization of the ( )
Achieving the PFC objective amounts to enforcing the errors
to vanish. To this end, one needs the dynamics of 2 z . Deriving (10), it follows from (2) that:
In the above equation, the quantity ( ) to zero, it is natural to choose the following function:
Using (12)- (14), one gets the following derivative:
For the ( )
-system to be globally asymptotically stable, it is sufficient to choose the virtual control input so that 
Comparing (16) and (13) and solving with respect to
with:
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is not the actual control input, a new error variable z 3 between the above virtual control and the stabilizing function 2 σ is introduced:
Then, equation (13) becomes, using (17) and (18):
Also, the Lyapunov function derivative (15) becomes:
Step 3: Stabilization of the ( )
Time-derivation of 3 z gives, using (18) and (3):
The actual control variable, namely α , appears for the first time in equation (21). An appropriate control law for generating α has now to be found for the system (11), (16) and (21) 
Comparing (24) and (21) yields the following backstepping control law:
Since the above control law involves the reference signal converges exponentially fast to zero.
Voltage outer loop design
The aim of the outer loop is to generate a tuning law for the ratio β in such a way that the output voltage 4 x be regulated to a given reference value * 4
x .
Relation between β and 4 x
The first step in designing such a loop is to establish the relation between the ratio β (control input) and the output voltage 4 x . This is carried out in the following proposition.
Proposition 2. Consider the power converter described by (1)- (4) , by an equivalent current generator, as shown by Fig. 2 . In view of equation (4) The equivalent current i equ will now be expressed in function of the tuning ratio β, using power conservation arguments. From (5) one has
. Then, the instantaneous power entering the converter turns out to be the following:
On the other hand, the power that is actually transmitted to the load is equ 4 load i x p = . But, the entering power is integrally transmitted to the load (which is the only dissipative element). Then, the quantity P load does coincide with p n .This yields: 2) Deriving y with respect to time and using (27), yields the first-order differential equation (28) and completes the proof of Proposition 2
Squared output voltage control
The ratio β stands as a control input in the first-order system (38). The problem at hand is to design for β a tuning law so that the squared voltage are any positive real constants. The next analysis will make it clear how these should be chosen for the control objectives to be achieved.
Control system analysis
In the following Theorem, it is shown that, for a specific class of reference signals, the control objectives are achieved (in the mean) with an accuracy that depends on the network frequency (4), together with the controller consisting of the innerloop regulator (25) and the outer-loop regulator (31a-b). Then, the closed-loop system has the following properties:
1) The error ( ) Seoul, Korea, July 6-11, 2008 Stability of the above system will now be dealt with using averaging. As * y is periodic with period n N ω π , it will prove to be useful introducing the following auxiliary reference function: 
It also follows from (35)- (36) 
with: 
On the other hand, as (42) is linear, the stability properties of its equilibrium are fully determined by the state-matrix:
where O denotes null matrices of appropriate dimensions and: 
More specifically, the equilibrium Z * will be globally asymptotically stable if the matrix A is Hurwitz. It has already noted (see Proposition 1) that 2 A is Hurwitz. So, it is sufficient to check that 1 A is also Hurwitz. To this end, note that its eigenvalues are the zeros of the following polynomial: 
Experimental protocol.
The experiments aim at illustrating the behavior of the controller in response to step changes on both the voltage reference * 4
x and the load resistance o R . More specifically, the voltage reference goes from V 100 to V 120 and then back to V 100 . The load resistance steps from its nominal value ) 40
( Ω up to infinity (unload converter) and then down to its nominal value.
Experimental results.
The controller performances are illustrated by figures 3 to 6. As expected by theorem 1, the output voltage 4 x converges in the mean to its reference value (Fig. 3) . Furthermore, it is observed that voltage ripple oscillates at the frequency 2ω n with amplitude that is much smaller than the average value of the signals. Finally, Fig 4 shows that the input current 1 x and the network voltage n v are in phase. Hence, the converter connection to the supply network is made with a unitary power factor. 
CONCLUSION
In this paper we have considered the problem of controlling a full-bridge rectifier of boost type. The control objectives are power factor correction and voltage regulation. The converter dynamics have been described by the 4 th order nonlinear state-space averaging (1)-(4). Based on such a model, a cascade structure nonlinear controller has been designed. It has been formally established, using averaging theory, that the obtained controller meets its objectives. These results have been confirmed by an experimental study which, further, showed robustness of controller performances with respect to significant load changes. It is the first time that an averaging analysis is formally carried out to describe the performances of the global closed-loop system.
